Abstract--Transformation of montmorillonite was experimentally investigated using a model system of montmorillonite-alanine at 100 MPa and up to 500"C. Sodium-montmorillonite changed to a mixed layer mineral of sodium-and ammonium-montmorillonites (Na/NH4-Mnt) in the temperature range from 150 to 4000C. Ammonium ions were the decomposition product of alanine above 150"C. The Na/NH4-Mn*. transformed to regularly and randomly interstratified minerals of NH4-montmorillonite and NH4-mica (o. NH4-Mnt/NH4-Mic and d. NH4-Mnt/NH4-Mic) at 400"C. These mixed layered minerals transformed to ammonium-mica at 5000C. Ammonium-analcime appeared and coexisted with the smectites at temperatures over 200"C, and with albite for those over 400"C.
INTRODUCTION
In sediment diagenesis, constituent minerals pass through several phases: e.g., smectite transforms to a mica (illite) through a smectite/mica mixed layered mineral (e.g., Velde et al 1986 , Inoue 1991 , Aoyagi and Shimoda 1991 , and clinoptilolite, a zeolite, transform to albite through analcime (e.g., Boles 1971 , Utada 1985 , Iijima 1986 , Sasaki 1991 . Many workers have experimentally studied the illitization of smectite and the transformations of zeolite (e.g., Boles 1971 , Eberl 1976 , Eberl et al 1978 , Colten 1986 , Yau et al 1987 , Whitney 1990 , Yamada et al 1991 , Chermak 1993 . Their interests were mainly the effects of the water content, alkali ions, pressure and temperature on the illitization. There are, however, some organic components in a natural sediment on the ocean floor. Changes in the sedimentary materials were affected by their coexistence with the organic matters and their decomposed products (Juster et al 1987, Williams and Ferrell, Jr. 1991) . NH4-bearing minerals such as tobelite, buddingtonite and ammonium-illite may be related with the diagenetic change of sedimentary materials (Higashi 1982 , Erd et al 1964 , Stevenson and Dhariwal 1959 . It is, however, difficult to assess this effect in natural samples, because the organic matter might have disappeared by decomposition to a final gas phase prior to collection and analysis of the sediment.
In the present paper, a model material of an ocean floor sediment with organic matter is treated at high pressure and temperatures. A mixture of smectite and Copyright 9 1995, The Clay Minerals Society alanine is used as a model sediment. Some differences in the alteration products of smectite coexisting with and without alanine will be discussed comparing the results of XRD analysis of the present experimental products with those previously known. Alteration processes of some uncommon mineral phases will also be discussed.
EXPERIMENTAL
The starting material was a mixture of natural montmorillonite commercially available (Kunipia-F, Kunimine Co.) which was fractionated from Tertialy pyroclastic rocks (Tsukinuno mine, Yamagata Prefecture, Japan) and a reagent grade alanine (Sigma). The exchangeable cations of montmorillonite had been analyzed as Na § (81.5%), Ca 2+ (14.4%), Mg 2+ (3.2%) and K § (0.9%). The ratio of montmorillonite/alanine was 4/1 by weight (1/1 by mole). Two types of samples were prepared: (A) the starting materials (150 mg) with 15 mg of distilled water, and (B) those without water. Before sealing in gold tubes, the air was replaced by nitrogen gas to prevent oxidation of the sample.
A hydrothermal apparatus of rapid-quenching type was used throughout the investigation (Yamada et a! 1988) . A sample was held at the desired temperature and pressure from 5 to 10 days. The temperatures examined were at 50~ intervals from room temperature to 500~ The pressure was 100 MPa. After the hydrothermal treatment, the samples were quenched to room temperature within 30 seconds.
The run products were analyzed by X-ray powder diffraction (XRD) (using CuKa radiation and operating at 40kV and 20mA) for samples randomly oriented on a zerobackground quartz plate, preferentially oriented with water on a glass slide and preferentially oriented with ethylene glycol. The diffraction angle (20) was calibrated using a tetradecanol as an external standard (Brindley 1981) . Morphology of the product was observed by scanning electron microscopy (Akashi DS-130). For more detailed identification, minerals < 2 ~tm in size were separated by hydraulic elutriation. They were analyzed by infrared (IR) absorption spectra as well as by XRD as described above. Before IR spectra measurement, the run products were washed and centrifuged for several times to remove the adsorbate on the samples. Every supernatant was checked by ninhydrine reaction and Nessler's reagent to check the complete wash-out of the adsorbates.
RESULTS
Run products, with and without water, showed almost the same phase assemblage at the same pressure and temperature conditions. Thus, the phases identified by XRD are presented only for the case without water (Table 1) . Some typical XRD patterns are shown in Figure 1 C and D) . Parallel to this observation, the sample treated above 150~ included a gas phase that was ejected when the capsules were opened (Table 1) . Alanine was thus stable only at temperatures lower than 150~ up to 100*C (Figure 2 , B). Its basal spacing was about 13.4 ,~ measured at 72% relative humidity and was increased to 16.6 ik by ethylene glycol treatment (Figure 2, (a) 
Na-Mnt, sodium-montmorillonite. Ala, Alanine. d.Na/NH4-Mnt, randomly interstratified mineral of sodium-and ammonium-montmorillonite, o.Na/NH4-Mnt, regularly interstratified mineral of sodium-and ammonium-montmorillonite. NH4-Anl, ammonium-analcime. NHa-Mic, ammonium-mica, d.NHa-Mic/NH4-Mnt, randomly interstratified mineral of ammonium-mica and ammonium-montmorilionite, o.NH4-Mic/NH4-Mnt, randomly interstratified mineral of ammoniummica and ammonium-montmoriUonite. Ab, albite. Qz, quartz. G, gas phase, uk, unknown phase. The smaller basal spacing is interpreted as follows: The basal spacing ofsodium-montmorillonite (Na-Mnt) is 13.4/~ in a relative humidity of 56% and that of ammonium-montmorillonite (NH4-Mnt) is 11.5 A (this is obtained by ion exchange of sodium ion with ammonium ion in our preparation). The random interstratifcation of the Na-and NH4-Mnts forms a basal spacing in the range from 13.4 to 11.5 ~ depending on the Na § + ratio. The ethylene glycol intercalation expands the spacing in the range from 16.9 to 16.6 A. The "smaller" spacing observed is, thus, an indication of such a random stratification. This will be discussed later in more detail. Intercalation of ammonium ions was confirmed in IR absorption spectra at about 1400 cm-I that was observed only on the samples treated above 150~
A sample treated at 300"C showed a broad peak with a d-value of 25.1 ~ in the XRD pattern (Figure 2, (b) , F). The peak was reasonably assigned to that of the regularly interstratified sodium-and ammoniummontmorillonite (o. NafNH4-Mnt), because the spacing corresponded well to the sum, about 24.9/~, of the inter-layer spacings of Na-and NH4-Mnts.
(3) Ammonium-mica. The 500"C sample showed a slightly broad peak at 10.8 /~ before ethylene glycol treatment but the peak was split to a sharp peak at 10.4/~ and that of broad at 13.5 A by the treatment (Figure 2, (b) , J). The basal spacing of 10.4/~ agreed well with that of tobelite, an ammonium-mica which does not intercalate ethylene glycol (Higashi 1982 ). The XRD observation described above is explained well that there are two phases, i.e., an ammonium-mica and a randomly interstratified ammonium-montmorillonite and ammonium-mica that are described below.
(4) Regularly and randomly interstratified ammonium-montmorillonite and ammonium-mica. A regularly interstratified ammonium-montmorillonite and ammonium-mica (o. NH4-Mnt/NH4-Mic) appeared in the samples treated at 400 and 450~ The phase was identified by its XRD peak at about 26/~ for ethylene glycol treated samples (Figure 2, (b), H, right) . Because the peaks are small and in an extremely low angle region, the precision of the d-value is not expected higher than + 1 ~. Taking this into account, the spacing corresponds to the sum, 27 ,~, of the basal spacings of NH4-Mnt, 16.6 ~, and of NH4-Mic, 10.4 ~k, when those samples were treated by ethylene glycol. A higher order reflection, 003, may be seen as a broad shoulder at about 9 ~ in the same figure. For the sample treated with water, the superstructure reflections may not be observed because their intensities are decreased by replacement of ethylene glycol with water, which results in a smaller difference between structure units of montmorillonite and mica and results in smaller F(001). The broad peak at 11.4/1, of the XRD pattern (Figure 2 Table 2 (A) (Barren and Derny 1961, Sheppard and Gude 1973) . Those ofanalcime are also shown as a reference.
(6) Albite. A small amount of albite appeared in the run products at 450 and 500~ ( Figure IF) . For the case where water was included in the starting material, albite appeared above 400"C. The X-ray diffraction data of the run product at 450"C and of the previously known albite are listed in Table 2 (B) (Smith 1956 ). The agreement of them indicates that albite does not take substitution of sodium by ammonium ion. This is consistent with a previous report that albite did not give the evidence of ammonium substitution at 200 MPa and 600~ (Barker 1964) .
DISCUSSION

Alteration of smectite in coexistence with organic molecules
The temperatures of formation of all phases which appeared in the present experiments are schematically represented in Figure 3a . Those previously known in a montmorillonite-water system are shown for comparison (Figure 3b, Yamada et al 1991) . The applied pressures were the same for both experiments, i.e., 100 MPa.
In the present system, (1) o. and d. NH4/Na-Mnts, (2) o. and d. NH4-Mic/NH4-Mnt and (3) NH4-analcime are new observations. Moreover, (4) the alteration sequence of smectite with increases in temperature is different with previous experiments of Mnt- water system: smectite --* mica/smectite mixed layer mineral (M/S) ---* mica in the present system whereas a three-minerals coexisting phase appeared between
Mnt and M/S in previous report (Yamada et al 1991) .
The present observations are rather consistent with the phase changes of smectite and zeolite estimated from the natural occurrences, indicating the effect of coexisting organic molecules or the decomposed compounds (e.g., Aoyagi and Shimoda 199 l, Sasaki 1991) . These are shown schematically in a diagram together with the present results (Figure 4 ). In the diagram some details such as a finer classification of smectite as o. and d. Na/NH4-Mnt are neglected for convenience of comparison.
The diagram shows that the orders of alteration sequence, smectite ~ M/S ---* mica and analcime ---* albite, in the present results agree well with natural observations. However, transformation temperatures are considerably higher in the experimental results. The temperature difference may be attributed to the difference in the duration of experimental run, seven days, which was much shorter than that in the natural system. Gotoh et al (1988) showed that ammonium-analcime was formed from NH4-Mnt during a long time duration of 150 days at 2 MPa and 240~ but was not for 50 days at the same condition. Tsunashima et al (1975) synthesized an ammonium-mica from an aluminosilica gel with glysine or lysine above 3000C for four to eight days. The temperature is also much higher than that of natural observation. The duration time might, therefore, be a parameter to decrease the transformation temperatures.
The d. Na/NH4-Mnt showed an interesting feature in its change as a function of temperature. As seen in Figure 2 , from C (150"C) to H (400~ the basal spacing decreases from 12.6 to 11.4/~ indicating that the number of the ammonium layers increases at higher temperatures by the ion-exchange reaction between sodium and ammonium ions. The starting temperature, 150"C, corresponds to that of alanine decomposition to ammonium and simple hydrocarbons. Sodium ions in Na-Mnt can be replaced by the ammonium ions above that temperature. Below 300~ the ion-exchange is not significant as shown by the slight decrease in the basal spacing (about 12.5 ,~, Figure 2 , C and D). Above 300"C, the ion-exchange is obvious in the change of the basal spacing (Figure 2 , F and G, H) and at 350"C, sodium ions in Na-Mnt are almost completely replaced by ammonium ions, so that the d-spacing reaches to 11.4 ~ ofammonium-montmorillonite. At 300*(2, a regular interstratification of sodium-and ammonium-montmorillonites (o. Na/NH4-Mnt) appeared ( Figure 2F ). This indicates that (1) the ratio of Na+/NH4 + ions in montmorillonite becomes comparable at that temperature and (2) the ion-exchange occurs layer by layer and does not statistically in an interlayer.
The mixed layer minerals of ammonium-montmorillonite and ammonium-mica
It is well known that by the cation exchange and cation fixation of potassium in smectite the randomly and regularly interstratified illite and smectite results (e.g., Inoue et al 1987) . Because of the similarity in the ionic radius of the ammonium ion (1.48 A) with that of potassium (1.38 ~) rather than sodium (0.95/1,), it may be reasonable that the ammonium ion plays a similar role to that of potassium. Sficha and Sir~fiovfi (1991) showed experimentally that the rates of fixation of both potassium and ammonium ions in smectite were the same, and that the same number ofillite layers was formed for the same number of cycles of wetting and drying with potassium and ammonium solutions. Therefore, it is quite reasonable that the mixed layer minerals of ammonium-smectite and mica (o. and d. NH4-Mnt/NH4-Mic) were formed in the present experiment above 400~ The present result illustrates well that the ion-exchange and the fixation do not occur simultaneously, but the former occurs at lower temperature to form the sodium-and ammonium-mixed layer smectite and the latter occurs to form the mixed layer minerals ofammonium-smectite and mica above 400~
Ammonium-analcime and albite
Formation of ammonium-analcime from ammonium-montmorillonite has been known in the experimental study (Gotoh et al 1988) . In the present study, ammonium-analcime of cubic shape was observed in the SEM images. Such a euhedral form of crystal is an evidence that the mechanism of its growth is a solution growth. Any other mechanism can not explain the euhedral form ofanalcime than that montmorillonite was dissolved into aqueous solution from which analcime precipitated. Because analcime was not observed in the previous experiment in the system of montmorillonite and water, the organic molecules coexisting with montmorillonite may play a role in the dissolution ofmontmorillonite.
Transformation ofanalcime to albite with increasing temperature has been also known from natural evidence (Campbell and Fyfe 1965, Thompsom 1971) . This is confirmed in the present experiment above about 400~ There is no evidence in the XRD pattern that albite contains ammonium ion (Table 2, B) . This is consistent with the previous experiment which was unsuccessful in substituting an ammonium ion for a sodium and potassium ion in alkali feldspars at 200 MPa and around 650~ (e.g., Barker 1964) .
